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Control of V(D)J Recombinational Accessibility
of the Db1 Gene Segment at the TCRb Locus
by a Germline Promoter
gene segments are recombined first, followed by Vb to
DbJb recombination. Furthermore, only one of the two
possible TCRb alleles undergoes functional Vb to DbJb
rearrangement so that an individual T cell expresses
only a single TCRb chain, a phenomenon known as
Charles E. Whitehurst, Samit Chattopadhyay,²
and Jianzhu Chen*
Center for Cancer Research
and Department of Biology
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139 allelic exclusion. The complete assembly of a functional
TCRb gene is a prerequisite for further thymocyte devel-
opment to the CD41CD81 (double-positive, DP) stage
at which the TCRa genes are recombined (Levelt andSummary
Eichmann, 1995). To maintain TCRb allelic exclusion,
Vb to DbJb rearrangement on the second allele is inhib-The germline promoter region upstream of the Db1
ited at the DP thymocyte stage despite the reexpressiongene segment in the murine TCRb locus was deleted
of the V(D)J recombinase (Sleckman et al., 1996).to assess its role in controlling V(D)J recombination.
To explain the many different levels of control of V(D)JAssociated with diminished Db1 region germline tran-
recombination not accounted for by differential recom-scription, rearrangement of the Db1 but not the Db2
binase expression, an ªaccessibilityº model was pro-gene segment was reduced 10- to 20-fold. A corre-
posed. In this model, recombination of the multiplesponding reduction in RAG-mediated cleavage at the
arrays of V, D, and J gene segments is controlled byDb1 and Jb1 signal sequences was apparent only
cis-regulatory elements that confer their differential ac-when purified CD42CD82 thymocytes were analyzed
cessibility to the common V(D)J recombinase (Alt et al.,because, as we demonstrate, cleavage at these gene
1987; Lansford et al., 1996). In the murine TCRb locus,segments also occurred in CD41CD81 thymocytes.
there are 20 Vb gene segments and 2 clusters of DbThese findings suggest that germline promoters regu-
and Jb gene segments each associated with a Cb exonlate localized accessibility of gene segments for re-
(Figure 1A). The transcriptional enhancer, Eb, is the onlycombination and that in CD41CD81 thymocytes TCRb
cis-regulatory element demonstrated to be critical forallelic exclusion does not result from inaccessibility
TCRb gene rearrangements. Inclusion of Eb in recombi-of Db gene segments.
nation substrates activates both Db to Jb and Vb to
DbJb rearrangements in transgenic mice (Capone et al.,Introduction
1993; Okada et al., 1994). Targeted deletion of Eb from
the endogenous locus substantially blocks Db to Jb andAntigen receptor genes are assembled from component
Vb to DbJb rearrangements (Bories et al., 1996; Bouviervariable (V), diversity (D), and joining (J) gene segments
et al., 1996; Hempel et al., 1998b). The requirement ofby a process referred to as V(D)J recombination (Tone-
Eb for the normal rearrangement of all gene segmentsgawa, 1983). The initial step of V(D)J recombination is
in the locus (hence it is a ªglobalº control element) sug-catalyzed by the lymphocyte-specific proteins RAG1 and
gests that additional localized cis elements must existRAG2, which bind to recombination signal sequences
to regulate the ordered TCRb rearrangement and allelic(RSS) and cleave the DNA to produce double-strand
exclusion.breaks (DSB) with a hairpin structure on the coding ends
In many antigen receptor loci and recombination sub-and blunt signal ends (Gellert, 1997). The reaction is
strates, transcription through regions containing unre-then completed by ubiquitously expressed proteins in-
arranged gene segments precedes their subsequent re-volved in DSB repair including DNA-PKcs, Ku70/86,
arrangement (Lansford et al., 1996; Sleckman et al.,XRCC4, and DNA ligase IV that process and join the
1996). These correlative observations have suggestedgenerated ends (Grawunder et al., 1998).
that germline transcription and/or resulting transcriptsRearrangements of all antigen receptor genes are me-
may function to promote V(D)J recombination. We havediated by conserved RSSs and the same V(D)J recom-
previously identified three DNase I hypersensitive sites,binase (Lansford et al., 1996). Yet, despite this con-
HS9, 10, and 11, located upstream of the Db1 geneservation, V, D, and J gene segments in the various
segment in the TCRb locus (Chattopadhyay et al., 1998).immunoglobulin (Ig) and T cell antigen receptor (TCR)
HS9, which is immediately upstream of Db1, corre-loci are specifically recombined in a lineage- and stage-
sponds to the recently described minimal Db1 germlinerestricted manner (Sleckman et al., 1996; Schlissel and
promoter (PDb1) (Sikes et al., 1998). In this report, weStanhope-Baker, 1997; Hempel et al., 1998a). For exam-
show that deletion of HS9, 10, and 11 from the endoge-ple, rearrangement of the TCRb gene occurs at the
nous TCRb locus in mice abolished germline transcrip-CD42CD82 (double-negative, DN) stage of thymocyte
tion in the Db1 region and specifically impaired re-development and does not occur at an appreciable level
arrangement of the Db1 but not the Db2 gene segment.in precursor B cells. Within the TCRb locus, Db and Jb
The impaired rearrangement of the Db1 gene segment
was primarily due to decreased RAG-mediated cleav-
* To whom correspondence should be addressed (email: jchen@
age. Thus, PDb1 specifically targets the Db1 gene seg-mit.edu).
ment for recombination by promoting its accessibility² Present address: National Center for Cell Science, Ganeskhind,
Pune-411007, Maharastra, India. to the V(D)J recombinase.
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Figure 1. Targeted Deletion of HS9, 10, and
11 from the Murine TCRb Locus Abolishes
Db1 Germline Transcription
(A) Schematic diagram of murine TCRb locus
(not to scale), targeting vector, and targeted
allele before (neo) and after (Dneo) Cre-medi-
ated deletion of the floxed neo gene and the
inserted Db1Jb2.5 fragment. HS9, 10, and 11
are immediately, 1.3, and 2.7 kb upstream of
Db1, respectively. Probes A, B, C, and D were
used for Southern and Northern blotting. A,
AccI; K, KpnI; H, HindIII. AccI site is 15 nucle-
otide upstream of the 59 RSS of Db1 and is
replaced by a HindIII site.
(B) Southern blot analysis for identifying mu-
tant ES cell clones before and after neo gene
deletion. DNA from ES cell clones was di-
gested with EcoRI and hybridized with probe
B. The endogenous allele gives rise to a hy-
bridizing fragment at 9.4 kb. The targeted al-
lele (neo) with insertion of the neo gene and
Db1Jb2.5 fragment gives rise to a 6.3 kb frag-
ment. After Cre-mediated deletion, the tar-
geted allele (Dneo) is reduced to 4.3 kb.
(C) Northern blot analysis of germline tran-
scripts from the Db1 region in wild-type
(1/1), heterozygous (1/2), and homozygous
(2/2) mutant thymocytes. Filters were hy-
bridized with a Cb1 probe (Figure 1A, probe
C) or a Db1-Jb1 intron probe (Figure 1A,
probe A). The filters were stripped and rehy-
bridized with a GAPDH probe to estimate
RNA quantity loaded per lane. Autoradiogram
shown was from the filter hybridized with
Db1-Jb1 intron probe.
Results a Cb1 probe (Figure 1A, probe C), which cross-hybrid-
izes with Cb2, revealed similar levels of the 1.3 kb mature
transcripts from all three types of mice (Figure 1C), con-Targeted Deletion of the PDb1 Promoter Region
DNase I hypersensitive sites, HS9, 10, and 11, are lo- sistent with normal T cell development observed in the
mutant mice. In contrast, the 1.0 kb germline transcriptcated upstream of the Db1 gene segment and were
postulated to function as cis regulatory elements for was substantially diminished in heterozygous mutant
mice and almost completely abolished in homozygousgermline transcription and TCRb rearrangement (Chat-
topadhyay et al., 1998). We generated mutant ES cells mutant mice. To specifically assess the effect of the
deletion on Db1 germline transcription, a Db1-Jb1 intronin which a 3 kb KpnI±AccI fragment encompassing HS9,
10, and 11 was deleted by homologous recombination probe was used (Figure 1A, probe A). As shown in Figure
1C, both the 1.6 and 1.3 kb transcripts were substantiallyfollowed by Cre/loxP-mediated deletion (Figures 1A and
1B, see Experimental Procedures for details). The down- reduced in heterozygous mutant mice and were unde-
tectable in homozygous mutant mice. These data dem-stream point of the deletion ends at the Acc I site located
15 nucleotides upstream of the 59 RSS of Db1 and there- onstrate that the region of DNA containing HS9, 10, and
11 functionally corresponds to the previously describedfore preserves both RSSs flanking the Db1 gene seg-
ment for recombination. Mutant ES cells were injected PDb1 promoter (Sikes et al., 1998).
into RAG2-deficient blastocysts, and germline mutant
mice having a normal RAG2 background were derived
from chimeras. Both heterozygous and homozygous Targeted Deletion of PDb1 Specifically Impairs
Db1 Rearrangementmutant mice had normal numbers and proportions of
DN, DP, and SP thymocytes (Figure 6C; data not shown). We next examined the effect of PDb1 deletion on TCRb
gene rearrangements by Southern blotting analysis. Hy-
bridization with a Jb1 probe allowed determination ofTargeted Deletion of the PDb1 Region Abolishes
Db1 Germline Transcription the status of Db1 rearrangement (Figure 1A, probe B).
HindIII was used for digestion because a novel HindIIIThe effect of deleting HS9, 10, and 11 on Db1 germline
transcription was assayed by Northern blotting of total site was introduced in place of the AccI site, allowing
discrimination of the mutant and wild-type alleles (FigureRNA isolated from thymocytes of wild-type, heterozy-
gous, and homozygous mutant mice. Hybridization with 1A). Any Db1 rearrangement causes a change in the
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Figure 2. Southern Analyses Showing that Deletion of PDb1 Specifi-
cally Impairs Rearrangements in the Db1-Jb1 Region
DNA samples were digested with HindIII and resulting filters were
hybridized with a Jb1 probe (Figure 1A, probe B) or a Jb2 probe
(Figure 1A, probe D). The filters were stripped and rehybridized with
a control probe (a 1.0 kb PstI fragment located 20 kb downstream
of Vb14) for estimating the relative amount of DNA loaded per lane.
Autoradiogram shown was from the filter that was hybridized with
the Jb1 probe.
sizes of Jb1-hybridizing HindIII fragments and a corre-
sponding decrease in intensity of the germline band. In
the wild-type mice, a germline band at the expected 9
kb size was detected in DNA from ES cells and kidney,
but only a smear was visible in DNA from thymocytes
and mature T cells (Figure 2, upper panel). The disap-
pearance of the germline fragment in thymocytes and
T cells was consistent with an almost complete re-
arrangement of the Db1 gene segment in these cells.
The DNA from heterozygous mutant ES cells and kidney
gave rise to two bands with equal intensity, one at 9 kb
from the normal allele and the other at 7 kb from the
mutant allele (Figure 2, upper panel). DNA from thymo-
cytes and mature T cells of heterozygous mutant mice
retained the 7 kb fragment but not the 9 kb fragment,
indicating that the normal allele underwent rearrange-
ment as expected, while rearrangement of the mutant
allele was impaired. A comparison of the hybridization
intensities of the mutant allele from ES cells and kidney
with that from thymocytes and T cells revealed that
approximately 30% of the mutant allele in thymocytes
remained in germline configuration. A similar retention
Figure 3. Comparison of the Levels of Db to Jb Rearrangements in
of germline Db1 and Jb1 gene segments was also de- Total Thymocytes of Wild-Type and Mutant Mice
tected in DNA from thymocytes and mature T cells of
(A) Diagram of the Db, Jb, and Cb regions of the TCRb locus. The
homozygous mutant mice (Figure 2, upper panel). In a positions of PCR primers are indicated.
similar manner, we assayed the effect of the deletion (B) Semiquantitative PCR analysis of Db1 to Jb1.1 through Jb1.5
rearrangements (primers 1±4). DNA used was from total thymocyteson Db2 rearrangement by digesting DNA with HindIII
of wild-type (1/1) or homozyogus mutant (-/-) mice or kidney ofand hybridization with a Jb2 probe, but no differences
RAG2-deficient mice. For relative quantitative comparisons, wild-were detected among the three types of mice (Figure
type DNA was diluted into RAG2-deficient kidney DNA (lanes 6±12).2, bottom panel). These data demonstrate that deletion
Individual Db1 to Jb1.1 through Jb1.5 rearrangements are indicated.
of PDb1 significantly impaired rearrangement events in- G. L., germline fragment.
volving the Db1 gene segment. (C) Semiquantitative PCR analysis of Db1 to Jb2.1 through Jb2.6
rearrangement (primers 1, 2, 6, and 7).The effect of the deletion on TCRb rearrangement was
(D) Semiquantitative PCR analysis of Db2 to Jb2.1 through Jb2.6further confirmed by PCR (Figure 3A). As expected, only
rearrangements (primers 5±7).germline product was amplified from kidney DNA of
RAG2-deficient mice (Figure 3B, lane 2). In wild-type
thymic DNA, the germline product was barely visible,
Immunity
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of the homozygous mutant and wild-type mice (Fig-
ure 3D).
We next determined whether the impaired Db1 re-
arrangement also occurred to Vb to Db1Jb1 rearrange-
ment. Seminested PCR reactions were performed using
a primer hybridizing within the Vb12 or Vb14 gene seg-
ment and primers hybridizing downstream of Jb1.5 (Fig-
ure 4A). All five possible rearrangement products were
amplified from thymic DNA of wild-type mice (Figure 4B;
lane 1), whereas in thymic DNA of homozygous mutant
mice no more than two rearrangement products were
ever detected, and their intensities were always signifi-
cantly reduced (Figure 4B; lanes 2 and 3). A quantitative
comparison was performed between PCR products am-
plified from thymic DNA of homozygous mutant mice
and those amplified in parallel from wild-type thymic
DNA that was serially diluted into kidney DNA of RAG2-
deficient mice (Figure 4D). Considering both the frequency
of appearance of the five possible rearrangement prod-
ucts and their intensities, we estimated that Vb to
Db1Jb1 rearrangement events in the mutant mice were
less than 1% of those in wild-type mice. In contrast,
using similar PCR assays to detect Vb12 or Vb14 re-
arrangements to Db2Jb2.1 through Db2Jb2.6, we found
that all possible rearrangement products were amplified
at a slightly greater level from the mutant thymic DNA
than from wild-type thymic DNA (Figure 4C). Together,
these findings demonstrated that deletion of PDb1 spe-
cifically impaired Db1 rearrangement at both D-J and
V-DJ rearrangement levels, whereas rearrangements of
the Db2 gene segment were unaffected. Any V to DJ
recombination events on the mutant allele occurred
almost exclusively between Vb gene segments and
Db2Jb2 joints.
We also examined the quality of the rare Db1Jb1 and
Figure 4. Comparison of the Levels of Vb to DbJb Rearrangements Db1Jb2 coding joints recovered from the mutant mice
in Total Thymocytes of Wild-Type and Mutant Mice by sequencing. N-region nucleotides were found in 67%
(A) Diagram of positions of the PCR primers used to detect Vb to (8/12) of the joints, similar to the levels observed in wild-
DbJb rearrangements.
type T cells (Feeney, 1991), and normal frequencies of(B) Semiquantitative PCR analysis of Vb12 and Vb14 rearrangements
P elements and nucleotide deletions were also presentto Db1Jb1.1 through Db1Jb1.5 (primers 3, 4, 8, and 9).
(data not shown). Therefore, despite their infrequent for-(C) Semiquantitative PCR analysis of Vb12 and Vb14 rearrangements
to Db2Jb2.1 through Db2Jb2.6 (primers 6±9). mation, the processing and joining of Db1Jb coding
(D) Semiquantitative PCR assay estimating the relative level of Vb12 ends that did form in the mutant animals appeared
to DbJb1.1 through DbJb1.5 rearrangement in mutant mice. Wild- normal.
type DNA was diluted into RAG2-deficient kidney DNA (lanes 6±12).
Targeted Deletion of the PDb1 Region Impairsand products corresponding to the five Db1 to Jb1 re-
the Accessibility of the Db1 Gene Segmentarrangement events dominated (Figure 3B, lane 5). In
to the V(D)J Recombinasecontrast, the dominant product amplified from thymic
The first step of V(D)J recombination is the cleavageDNA of homozygous mutant mice corresponded to the
of gene segments by RAG proteins, generating hairpingermline fragment, and only a low level of Db1-Jb1 re-
coding ends and blunt signal ends (Gellert, 1997). Thearrangement products were detected (Figure 3B, lanes
presence of signal ends has been used to assess the3 and 4). We estimated that the levels of Db1-Jb1 re-
accessibility of specific gene segments to the V(D)J re-arrangements were reduced by 20- to 50-fold in the
combinase (Roth et al., 1993; Schlissel et al., 1993; Stan-mutant mice by PCR assays of serially diluted thymic
hope-Baker et al., 1996). To directly determine the effectDNA from wild-type mice into RAG2-deficient kidney
of PDb1 deletion on the accessibility of various TCRbDNA (Figure 3B, lanes 6±12). A similar PCR analysis of
gene segments to RAG-catalyzed cleavage, we assayedDb1 to Jb2.1 through Jb2.6 rearrangement showed that
for the levels of signal ends by ligation-mediated PCRthese rearrangement events were also reduced by 20-
(LMPCR) (Figure 5A). Correlating with their normal re-to 50-fold (Figure 3C). In contrast, products correspond-
arrangement, the levels of signal ends derived froming to all possible Db2 to Jb2.1 through Jb2.6 re-
arrangements were equally amplified from thymic DNA cleavage at the 39 of Db2 and from Jb2.1 were the same
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Figure 5. Comparison of the Levels of Db1 and Jb1.1 Signal Ends
in Total Thymocytes of Wild-Type and Mutant Mice
(A) Diagram of the positions of PCR primers used for LMPCR to
Figure 6. Comparison of the Levels of Germline Db1 and Jb1.1 Gene
detect 59 Db1, 39 Db1, and Jb1.1 signal ends.
Segments in Thymocytes of Wild-Type and Mutant Mice
(B) LMPCR assay measuring the levels of 39 Db1 (primers L, 11, and
(A) Diagram of positions of PCR primers used for detection of germ-12) and Jb1.1 signal ends (primers L, 13, and 14). Serial dilutions of
line configured DNA.template DNA were prepared by diluting ligated wild-type thymocyte
(B) Semiquantitative PCR analysis comparing relative levels of Db1DNA into RAG2-deficient kidney DNA that was ligated in parallel
and Jb1.1 gene segments in germline configuration in total and DNsuch that the final amount of template DNA used in each reaction
thymocytes of wild-type and mutant mice. Amplification of RAG2-was equivalent (lanes 6±10).
deficient kidney DNA that was serially diluted into an equal amount(C) LMPCR assay measuring the levels of 59 Db1 signal ends (primers
of salmon sperm DNA allowed a relative quantitative comparisonL, 1, and 10). Serial dilutions were performed as described for (B).
of the signal levels.
(C) Flow cytometric analyses of total thymocytes and DP and DN
thymocytes purified from wild-type (1/1) and mutant (-/-) mice.in total thymocyte populations of wild-type and homozy-
Numbers in the quadrants represent percentages of cells.gous mutant mice (data not shown). Unexpectedly, de-
spite the 20- to 50-fold reduction in Db1 to Jb1 re-
arrangement, the same levels of 39 Db1, Jb1.1 and Jb1.2
signal ends were detected in total thymocyte DNA of of mutant mice was complicated by the possibility that
cleavage of the Db1 and Jb1 gene segments might alsowild-type and homozygous mutant mice (Figure 5B; data
not shown). The levels of 59 Db1 signal ends were re- occur in DP thymocytes where the V(D)J recombinase is
reexpressed for TCRa gene rearrangement. Therefore,duced in mutant compared to wild-type thymocytes
(Figure 5C), but only by 4- to 8-fold despite an almost considering this possibility and because Db to Jb re-
arrangements normally occur in DN thymocytes, we as-complete block of Vb to Db1Jb1 rearrangement in mu-
tant mice. sayed for the levels of Db1-Jb1 coding joints, signal
joints, and signal ends in DNA isolated from purified DNSuperficially, these findings suggested that deletion
of PDb1 did not significantly impair the accessibility of and DP thymocytes. As shown in Figure 6C, the purity
of DN and DP thymocytes from wild-type and mutantthe Db1 and Jb1 gene segments to the V(D)J recombi-
nase. However, the data were difficult to interpret be- mice was 96%±99%. The percentages of CD441/loCD251
fractions within the DN thymocytes in which V(D)J re-cause of significant differences in the levels of germline
Db1 and Jb1 gene segments in total thymocytes of wild- combination of the TCRb locus occurs (Godfrey et al.,
1994) were comparable between mutant and wild-typetype and mutant mice (Figure 2). Based on a semiquanti-
tative PCR assay, Db1 and Jb1.1 gene segments in mice.
As expected, the levels of Db1 and Jb1 gene segmentsgermline configuration were approximately 50-fold more
abundant in thymocytes of mutant compared to wild- in germline configuration were higher in DN thymocytes
than in total thymocytes of wild-type mice (Figure 6B,type mice (Figure 6B, lanes 3 and 4). If the levels of the
39 Db1 and Jb1 signal ends were normalized to the levels lanes 4 and 6). In contrast, the level of germline Db1
and Jb1 gene segments was similar in DN thymocytesof Db1 and Jb1 germline substrate, it was evident that
accessibility of the Db1 and Jb1 gene segments to RAG- and in total thymocytes of mutant mice (Figure 6B, lanes
3 and 5). The levels of germline Db1 and Jb1 gene seg-catalyzed cleavage was correspondingly reduced in the
mutant thymocytes. Furthermore, interpretation of the ments were about 2-fold more abundant in DN thymo-
cytes of mutant mice compared to those of wild-type miceDb1 and Jb1 accessibility in total thymocyte populations
Immunity
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Vb12 to Db1Jb1 rearrangement was reduced by more
than 50-fold (data not shown). Correlating with the im-
paired Db1-Jb1 coding joint formation, the levels of sig-
nal ends derived from the 39 Db1, Jb1.1, and Jb1.2 were
all significantly reduced in DN thymocytes of mutant
mice (Figure 7A, lanes 5 and 6). By comparing to the
levels of signal ends detected in serially diluted DNA
from wild-type DN thymocytes (Figure 7A, lanes 7±9)
and normalizing to the levels of germline Db1 and Jb1.1
gene segments (Figure 6B, lanes 5 and 6), we estimated
that the signal ends were reduced by 10- to 20-fold
in DN thymocytes of mutant mice. We next examined
whether RAG-mediated cleavage at 39 of Db1 and at
Jb1 gene segments occurred in DP thymocytes by mea-
suring these signal ends by LMPCR. The levels of all
these signal ends were approximately the same in mu-
tant and wild-type DP thymocytes or in total thymocytes
(Figure 7B, lanes 3±6). Thus, Db1 and Jb1 gene seg-
ments remaining in germline configuration are still ac-
cessible to RAG-mediated cleavage in DP thymocytes.
Because total thymocyte populations consist of approx-
imately 80% DP cells (Figure 6C), these findings also
suggest that the signal ends detected in total thymo-
cytes were derived mostly from DP thymocytes.
In general, the levels of signal joints that accumulate
in cells correlate with the levels of cleavage occurring
at the corresponding gene segments. Therefore, we
compared the levels of Db1Jb1.1 signal joints in low
molecular weight DNA isolated by Hirt extraction from
DN, DP, and total thymocyte populations from wild-type
and mutant mice (Figure 7C). Correlating with the levels
of signal ends, the levels of Db1Jb1.1 signal joints were
the same in total and DP thymocytes of wild-type mice
(Figure 7D, lanes 3, 4, 7, and 8), and likewise they were
the same in total and DP thymocytes of mutant mice
(Figure 7D, lanes 9, 10, 13, and 14). In addition, the levels
Figure 7. Comparison of the Levels of Db1 and Jb1 Signal Ends of Db1Jb1.1 signal joints were the same in total and DP
and Signal Joints in DN and DP Thymocytes of Wild-Type and Mu-
thymocyte populations between wild-type and mutanttant Mice
samples (Figure 7D, compare lanes 3 and 4 to 9 and 10(A) Comparison of the levels of 39 Db1, Jb1.1, and Jb1.2 signal ends
and lanes 7 and 8 to 13 and 14). As expected, the levelsin total and DN thymocytes from wild-type and mutant mice. Primers
of Db1Jb1.1 signal joints were higher in DN thymocytesused and the LMPCR assays were as described in Figures 5A and
5B. LMPCR used to detect Jb1.1 signal ends also simultaneously compared to those in total and DP thymocytes of wild-
detects Jb1.2 signal ends due to the relatively close proximity of type mice (Figure 7D, lanes 3±8). In contrast, in mutant
these gene segments. LMPCR of DNA from wild-type cells serially mice the levels of Db1Jb1.1 signal joints were similar
diluted into an equal amount of RAG2-deficient kidney DNA allowed
in DN thymocytes compared to those in total and DPa relative quantitative comparison of the signal levels.
thymocytes (Figure 7D, lanes 9±14). Based on compari-(B) Comparison of the levels of 39 Db1, Jb1.1, and Jb1.2 signal ends
sons to serial dilutions of DNA from wild-type DN thymo-in total and DP thymocyte populations from wild-type and mutant
mice by LMPCR as described in (A). cytes (Figure 7D, lanes 15±20), we estimated that the
(C) A schematic diagram of the semiquantitative PCR assay used levels of Db1Jb1.1 signal joints were reduced by 10- to
to detect Db1Jb1.1 signal joints. 20-fold in mutant DN thymocytes compared to wild-type
(D) Comparison of the levels of Db1Jb1.1 signal joints measured in
DN thymocytes. Together, these data show that in theDNA isolated by Hirt extraction from total, DN, and DP thymocyte
DN thymocytes of mutant mice the impaired Db1-Jb1populations. DNA from wild-type DN cells was serially diluted into
coding joint formation is associated with a correspond-50 ng of RAG2-deficient kidney DNA allowing a relative quantitative
comparison of signal joint levels. Final PCR reactions were equally ing decrease of the signal ends and signal joints, indicat-
divided and digested with (1) or without (-) ApaLI before Southern ing that PDb1 controls the accessibility of the Db1 gene
blotting. Precise signal joints indicative of RAG-mediated cleavage segment to the V(D)J recombinase.
are digested by ApaLI.
Discussion
PDb1 Specifically Controls the Rearrangement(Figure 6B, lanes 5 and 6). PCR analysis of rearrangement
events in the DN thymocytes revealed that Db1 to Jb1 of the Db1 Gene Segment
We have demonstrated that a cis regulatory elementand Db1 to Jb2 rearrangements were reduced by 10-
to 20-fold in mutant compared to wild-type mice, and located upstream of the Db1 gene segment containing
Control of V(D)J Recombination by Germline Promoter
319
HS9, 10, and 11 is essential for normal germline tran- PDb1 and Eb may also determine the lineage- and devel-
scription and recombination at the TCRb locus. HS9 opmental stage-specificity of Db1 rearrangement be-
corresponds to the previously described PDb1, a mini- cause PDb1 preferentially initiates transcription in pre-
mal promoter proposed to control the initiation of germ- T cell lines (Sikes et al., 1998). Moreover, the fact that
line transcription from the Db1 gene segment in an Eb- deletion of Eb from the TCRb locus impaired all re-
dependent manner (Sikes et al., 1998). Our data support arrangement events suggests that an additional tran-
this functional classification of PDb1 since the targeted scriptional promoter must exist in the locus for targeting
deletion of the region from the endogenous locus specif- the Db2 gene segment for rearrangement.
ically abolished Db1 germline transcription (Figure 1C).
Associated with the loss of transcription was a severe PDb1 Controls V(D)J Recombination by Increasing
impairment in Db1 gene segment usage in V(D)J recom- Accessibility of the Db1 Gene Segment
bination (Figures 3 and 4). Sikes et al. (1998) also showed to RAG-Mediated Cleavage
that in a cell line PDb1 is required for Db1 rearrangement Because RSS are present throughout the genome and
within a recombination substrate (M. Sikes and E. Oltz, DSB are potentially lethal to the developing lymphocytes
personal communication). Targeted deletion of Eb from (Danska and Guidos, 1997), cis regulatory elements within
the endogenous locus similarly impaired germline tran- antigen receptor loci are thought to control V(D)J recom-
scription in the Db1 region and V(D)J recombination bination by modulating accessibility of the gene seg-
(Bouvier et al., 1996; Bories et al., 1996, Hempel et al., ments to RAG-mediated cleavage (Sleckman et al.,
1998b). Together, these findings demonstrate that both 1996; Schlissel and Stanhope-Baker, 1997). However,
PDb1 and Eb are required for the transcriptional activa- recently it was suggested that in addition to influencing
tion and recombination of the Db1 gene segment at the the initial accessibility to the RAG proteins, Eb may also
endogenous locus. influence the subsequent postcleavage step of V(D)J
Targeted deletion of PDb1 specifically impaired re- recombination. This was based on the finding that in
arrangements of the Db1 gene segment. Because of the mice lacking Eb relatively normal levels of 39 Db and
configuration of the TCRb locus (Figure 1A), wherein Jb signal ends were detected in thymocytes despite
Jb1 gene segments recombine only with the Db1 gene a severe impairment in Db-Jb coding joint formation
segment, we were unable to separate the defect in Db1 (Hempel et al., 1998b). Because our data strongly sug-
from Jb1 rearrangement. Nevertheless, reduced Db1 gest that Eb promotes V(D)J recombination by stimulat-
rearrangement was clearly evident from the observation ing the activity of transcriptional promoters, one would
that Db1 to Jb2 rearrangements were impaired to the expect that targeted deletion of PDb1 results in a similar
same extent as Db1 to Jb1 rearrangements, whereas defect.
Db2 to Jb2 rearrangements were normal (Figures 2 and Indeed, we found similar levels of 39 Db1 and Jb1
3). Moreover, rearrangements utilizing the 59 RSS of the signal ends and signal joints in total thymocytes of both
Db1 gene segment were also severely impaired (Figure wild-type and mutant mice despite the 20- to 50-fold
4). This localized effect of PDb1 deletion strongly sug- decrease in coding joint formation in mutant thymocytes
gests that the regulatory influence of the transcriptional
(Figures 3 and 5). At face value, these data suggest a
promoter on V(D)J recombination is restricted to the
role of PDb1 in postcleavage processing and joining of
Db1 gene segment. Analogous modes of regulation were
DSB similar to that asserted for Eb. However, the levels
suggested by studies of promoters in the TCRa and
of Db1 and Jb1 gene segments in germline configurationTCRg loci (Villey et al., 1996; Baker et al., 1998). There-
in total thymocytes of mutant mice were approximatelyfore, a general mechanism for targeting specific gene
50-fold greater than those in normal mice (Figure 6). Bysegments within complex antigen receptor loci for V(D)J
Southern blotting, we showed that approximately 30%recombination may involve transcriptional activity im-
of the mutant allele remained in germline configurationparted by localized promoter elements.
in the Db1-Jb1 region in total thymocytes of mutantThe transcriptional enhancers in the IgH, Igk, TCRd,
mice (Figure 2). Most of these germline alleles must beand TCRa genes are essential for normal V(D)J recombi-
present in DP and SP fractions because only 5% of thenation of their respective loci (Chen et al., 1993; Serwe
thymocyte population are DN. Moreover, we showedand Sablitzky, 1993; Lauzurica and Krangel, 1994; Gor-
that RAG-mediated cleavage of the Db1 and Jb1 geneman et al., 1996; Xu et al., 1996; Sleckman et al., 1997);
segments also occurred in DP thymocytes in both wild-however, the mechanisms by which these elements
type and mutant mice (see below). Therefore, the levelsfunction as ªrecombinational enhancersº remains un-
of signal ends have to be normalized to the levels ofclear. While they may promote V(D)J recombination by
germline Db1 and Jb1 gene segments available as sub-directly influencing the chromatin structure of specific
strates for recombination. In a similar scenario, changesgene segments (Jenuwein et al., 1993, 1997), our data
in accessibility at a TCRd transgenic substrate were onlysupport a model in which they promote recombination
apparent following this form of normalization (McMurryby stimulating the activity of transcriptional promoters
et al., 1997). If the normalization was performed, thedispersed at various regions within the antigen receptor
levels of the 39 Db1 and Jb1 signal ends in mutant thymo-loci. The ordered rearrangement within a given antigen
cytes were reduced approximately 50-fold, similar toreceptor locus may result from the controlled activation
the reduction in Db1 to Jb1 rearrangement. Similarly,of different transcriptional promoters localized through-
the level of 59 Db1 signal end was also reduced approxi-out the gene. In this respect, the relatively close proxim-
mately 50-fold, corresponding to the reduction in Vb toity of PDb1 to Eb may partly ensure its preferential acti-
Db1Jb1 rearrangement. The validity and importance ofvation and therefore contribute to the ordered Db-Jb
before Vb-DbJb rearrangements. The interaction of normalization was demonstrated by our findings using
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downstream by a 3.8 kb AccI homologous fragment. A phosphoglyc-purified DN thymocytes where the levels of germline
erate kinase promoter-driven thymidine kinase (tk) gene was in-Db1 and Jb1 gene segments were more similar (Figure
serted downstream of the 3.8 kb homologous fragment. We also6B), and we found that Db1-Jb1 coding joints, 39 Db1
introduced a 170 bp AccI-BsgI fragment containing a prerearranged
and Jb1 signal ends, and corresponding signal joints Db1Jb2.5 segment downstream of the neo gene flanked by a loxP
were all reduced by 10- to 20-fold in mutant mice com- site (Figure 1A). Thus, a partial Cre-mediated deletion of only the
neo gene would leave behind the prerearranged Db1Jb2.5 fragmentpared to normal mice (Figure 7; data not shown).
just upstream of the endogenous Db1 gene segment allowing theTaken together, our findings demonstrate that, differ-
measurement of V to DJ rearrangement in case of a defect in Dbent from Eb, PDb1 controls the V(D)J recombination of
to Jb rearrangement. Alternatively, complete Cre-mediated deletionthe Db1 gene segment primarily through modulating
would leave a single loxP site in place of HS9, 10, and 11, favoring
its accessibility to RAG-mediated cleavage. Consistent analyses of the effects on D to J rearrangement. After transfection
with this mode of regulation, the rare Db1Jb1 and into J1 ES cells, G418- and gancyclovir-resistant clones were se-
lected and screened by Southern blotting (Figure 1B; data notDb1Jb2 coding joints isolated from the mutant mice had
shown). Homologous recombinant clones were then transientlynormal frequencies of N-region nucleotides, P elements,
transfected with a CMV-driven Cre expression construct to deleteand nucleotide deletions (data not shown). Our findings
the floxed neo gene and/or the rearranged Db1Jb2.5 fragment. Ulti-are also consistent with previous observations indicat-
mately, only ES clones having complete Cre-mediated deletions
ing that the regulation of V(D)J recombination by cis were obtained and subsequently used to make chimeric mice that
elements is at the level of accessibility to RAG-mediated were bred to make germline mutant mice.
cleavage (Stanhope-Baker et al., 1996; Constantinescu
Southern and Northern Blotting Analysesand Schlissel, 1997; McMurry et al., 1997).
DNA isolation and Southern blotting was performed as described
(Chattopadhyay et al., 1998). Filters were hybridized with the follow-Implications of the Accessibility of Db1 and Jb1 Gene
ing 32P-labeled probes: 2.1 kb BamHI±EcoRV Jb1 probe (Figure 1A,
Segments in DP Thymocytes on the Mechanism probe B), a 0.9 kb ClaI±EcoRI Jb2 probe (Figure 1A, probe D), a 440
of TCRb Gene Allelic Exclusion bp BglI±XbaI Db1-Jb1 intron probe (Figure 1A, probe A), or a 1.0
kb PstI control probe located 20 kb downstream of Vb14 geneOur findings clearly show that Db1 and Jb1 gene seg-
segment that is not changed by VDJ recombination. Mature T cellsments still in germline configuration remain accessible
(99%) were obtained by Con A-activation of lymph node T cellsto RAG-mediated cleavage in DP thymocytes. It is un-
followed by proliferation in the presence of recombinant IL-2 for 5likely that signal ends we detected in DP thymocytes
days. For Northern analysis, filters were hybridized individually with
were generated in DN cells and carried over into DP the following probes: a 440 bp Db1-Jb1 intron probe (Figure 1A,
cells because thymocytes undergo rapid proliferation probe A) and a 1.2 kb HincII fragment from the Cb1 exons that also
cross-hybridizes to Cb2 exons (Figure 1A; probe C). The relativeduring DN to DP cell differentiation (Levelt and Eich-
amount of RNA in different lanes was estimated by hybridizationmann, 1995), and the presence of DSB arrests the cell
with a GAPDH probe.cycle (Danska and Guidos, 1997). In normal mice, if Db1
to Jb1 rearrangement is not completed during the DN
PCR Assays
stage of thymocyte development, these gene segments The relative hybridization positions in the TCRb locus of the PCR
can continue to rearrange at the DP stage when the RAG primers used are indicated in each figure. All resulting amplification
products were confirmed to correspond to the expected sizes basedproteins are reexpressed for TCRa gene rearrangement.
on predictions from the published nucleotide sequences of the mu-This has important implications for understanding the
rine TCRb locus (GenBank accession numbers AE000663, AE000664,mechanism of TCRb gene allelic exclusion. TCRb gene
and AE000665). In addition, the cycling conditions for all PCR reac-allelic exclusion occurs during DN to DP thymocyte dif-
tions were optimized to assure linear amplification. Nested or semi-
ferentiation and is mediated through a feedback inhibi- nested PCR reactions to measure Db to Jb and Vb to DbJb re-
tion of further Vb to DbJb rearrangement on the second arrangements and germline configured Db1 and Jb1 gene segments
were performed in a 50 ml reaction containing 50 ng of genomicallele by the TCRb expressed from the first allele (Levelt
DNA, 1 ng/ml of each primer (see figures), 0.2 mM each dNTP, 2 mMand Eichmann, 1995; Sleckman et al., 1996). Allelic ex-
MgCl2, 50 mM KCl, 10 mM Tris-HCl (pH 8.8), 0.1% Triton X-100, andclusion is thought to result from a mechanism involving
1 unit/50 ml of Taq polymerase. Primary reactions consisted of 15a downregulation of the accessibility of gene segments
cycles of 1 min at 958C, 1 min at 628C, and 3 min at 728C, followed
to the V(D)J recombinase. If so, one would expect the by an extension of 5 min at 728C. Two ml was transferred from the
downregulatory effect to be exerted at the RSSs of the primary reactions to new tubes for secondary reactions that were
performed in the identical manner except with nested primers andDb and/or the Vb gene segments. Our findings suggest
amplifying for 20 cycles. Quantitative titrations of DNA templatesthat the mechanism of allelic exclusion does not result
were performed by serially diluting wild-type thymic DNA into RAG2-from a strict block in the recombinational accessibility
deficient kidney DNA such that the final DNA amount remainedof the Db and Jb region in DP thymocytes but rather
at 50 ng per reaction. The entire secondary PCR reactions were
from a downregulation of recombination accessibility of electrophoresed on 1.5% agarose gels, transferred to Zeta-probe
the Vb gene segments. This model is consistent with membranes, and then probed with 32P-end-labeled oligonucleotides
corresponding to sequence at the downstream end of Jb1.5 (#17,previous analyses of DNase I hypersensitivity, germline
59-GAACAGAGAGTCGAGTC-39) or Jb2.6 (#18, 59-TATGAACAGtranscription, and DNA methylation of the regions in DN
TACTTCGGTCCC-39). Filters were washed at 508C in 53 SSC andand DP thymocytes (Chattopadhyay et al., 1998; Senoo
subjected to autoradiography. PCR primer sequences are:and Shinkai, 1998).
#1 (59-ACCTATGGGAGGGTCCTTTTTTGTATAAAG-39);
#2 (59-AAAGCTGTAACATTGTGGGGACAG-39);Experimental Procedures
#3 (59-CCAGTTTGGTCCCATAGTTTACCT-39);
#4 (59-AAGACTCCTAGACTGCAGACTCAG-39);Targeting Vector and Mutant Mice
The targeting vector consisted of a floxed phosphoglycerate kinase #5 (59-CAGCCCCTCTCAGTCAGACAAACC-39);
#6 (59-CTACTCCAGGGACCCAGGAATTTG-39);promoter-driven neomycin (neo) resistance gene that was flanked
upstream by a 5.2 kb DraI±KpnI homologous fragment and flanked #7 (59-CCCGGAGATTCCCTAACCCTGGTC-39);
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#8 (59-GCTGGAGTTACCCAGACACCC-39); and incubated for 1 hr at 378C. Live cells were isolated by centrifuga-
tion on a cushion of Ficoll-Paque. Cell yields ranged from 2±8 3#9 (59-GCCCTAACCTCTACTGGTACTGGCAGGC-39);
#10 (59-GGTAGACCTATGGGAGGGTC-39); 106 and viabilities were over 95% as determined by trypan blue
exclusion. Aliquots of cells were removed and stained with the fol-#11 (59-CAATCTTGGCCTAGCAGGCTGCAG-39);
#12 (59-TTATGGACGTTGGCAGAAGAGGAT-39); lowing monoclonal antibodies (PharMingen) to monitor the level of
purity by flow cytometry: PE-anti-CD4 and FITC-anti-CD8 and PE-#13 (59-ATGTAAGTTCCACTGGAGGGAATC-39);
#14 (59-TGACATTGCCACAAGTCTATCGTC-39); anti-CD25 and FITC-anti-CD44. DP thymocytes stained with PE-
anti-CD4 and FITC-anti-CD8 antibodies were purified by sorting.#15 (59-AGATACTCGAATATGGACACGGAG-39);
and #16 (59-TGGACACGGAGGACATGCTTTGTC-39).
Acknowledgments
For ligation-mediated PCR reactions, ligation reactions consisted
of 6 mg of genomic DNA, 5 U T4 ligase (Boerhinger Mannheim), and
We thank Tara Schmidt for microinjection to generate chimeric mice,
120 pmol of linker DNA (BW1/BW2; Schlissel et al., 1993) in the
Glenn Paradis of the MIT Cell Sorter Facility for excellent technical
ligation buffer supplied by the manufacturer. Reactions were per-
assistance, and members of the laboratory for discussion and help.
formed in 100 ml at 208C for 12±18 hr and then denatured as de-
This work is supported in part by National Institutes of Health grant
scribed (Schlissel et al., 1993). Amplification from the murine JAK3
AI40146 (to J. C.) and a Cancer Research Institute Fellowship (to
gene was performed as an internal control for equivalent DNA qual-
C. E. W.).
ity. One hundred ng of template DNA was used in a primary reaction
using primers #19 (59-CCTCTCAGACCCCACACCTGGCATC-39) and
Received August 31, 1998; revised February 1, 1999.#20 (59-CCATAGCTGACTCCCCGGTACTTG-39) and cycling condi-
tions of 1 min at 958C, 1 min at 618C, and 1 min at 728C, followed
Referencesby a final extension at 728C for 5 min. After amplifying for 12 cycles,
2 ml were transferred from the primary reactions to fresh tubes and
Alt, F., Blackwell, T.K., and Yancopoulos, G. (1987). Developmentamplified for 25 cycles as above except that the primers used were
of the primary antibody repertoire. Science 238, 1079±1087.#19 and #21 (59-ACGATGAAGTCGCTGTGCAGAGCCTTA-39). The
resulting 350 bp JAK3 products were analyzed by ethidium bromide Baker, J.E., Cado, D., and Raulet, D.H. (1998). Developmentally pro-
staining after electrophoresis on 1.5% agarose gels. grammed rearrangement of T cell receptor Vg genes is controlled
For LMPCR reactions, 150±500 ng of ligated DNA was used as by sequences immediately upstream of the Vg genes. Immunity 9,
template in a 50 ml reaction consisting of the same constituents as 159±168.
described above; however, the primers were used in a seminested Bories, J.-C., Demengeot, J., Davidson, L., and Alt, F.W. (1996).
assay in combination with the linker-specific primer BW-1H (Schlis- Gene-targeted deletion and replacement mutations of the T-cell
sel et al., 1993). Serial dilutions were made using RAG2-deficient receptor b-chain enhancer: the role of enhancer elements in control-
kidney DNA that were prepared in parallel, so that the final amount ling V(D)J recombination accessibility. Proc. Natl. Acad. Sci. USA
of DNA template used for each LMPCR reaction was the same. 93, 7871±7876.
LMPCR cycling conditions consisted of a primary reaction of 12
Bouvier, G., Watrin, F., Naspetti, M., Verthuy, C., Naquet, P., andcycles of 1 min at 958C, 1 min at 628C, and 1 min at 728C, followed
Ferrier, P. (1996). Deletion of the mouse T-cell receptor b geneby a 5 min extension at 728C. Two ml was then transferred to fresh
enhancer blocks ab T-cell development. Proc. Natl. Acad. Sci. USAtubes and amplified in a secondary reaction consisting of the same
93, 7877±7881.conditions but cycled for 27 times with a nested primer and BW-
Capone, M., Watrin, F., Fernex, C., Horvat, B., Krippl, B., Wu, L.,1H. The entire secondary PCR reactions were electrophoresed on
Scollay, R., and Ferrier, P. (1993). TCRb and TCRa gene enhancers1.5%±2.0% agarose gels, transferred to Zeta-probe membranes,
confer tissue- and stage-specificity on V(D)J recombination events.and probed with end-labeled oligonucleotides as described above.
EMBO J. 12, 4335±4346.Oligonucleotide probes used for Southern hybridization were as
follows: 59 Db1, probe #22 (59-TGTAACATTGTGGAATTC-39); 39 Db1, Chattopadhyay, S., Whitehurst, C., Schwenk, F., and Chen, J. (1998).
Biochemical and functional analyses of chromatin changes at theprobe #23 (59-TCCTGGGTCGCAAGCCTA-39); and Jb1.1, probe #24
(59-GGCTCTTCCCAGCTAGTATCTAG-39). TCRb locus during CD42CD82 to CD41CD81 thymocyte differentia-
tion. J. Immunol. 160, 1256±1267.The PCR reaction used to measure Db1 to Jb1.1 signal joints was
performed exactly as above; however, template DNA consisted of Chen, J., Young, F., Bottaro, A., Stewart, V., Smith, R., and Alt,
5 ml of Hirt extract DNA corresponding to 0.5 3 106 thymocytes F. (1993). Mutations of the intronic lgH enhancer and its flanking
(Hesse et al., 1987). For titrations, the DNA was diluted into 50 sequences differentially affect accessibility of the JH locus. EMBO
ng of RAG2-deficient kidney DNA before amplification. For ApaLI J. 12, 4635±4645.
digestion, the PCR reactions were split and ethanol precipitated in Constantinescu, A., and Schlissel, M.S. (1997). Changes in locus-
the presence of 2 mg of glycogen per tube and then brought up in specific V(D)J recombinase activity induced by immunoglobulin
digestion buffer with or without ApaLI. Both undigested and ApaLI gene products during B cell development. J. Exp. Med. 185,
digested products were detected by Southern hybridization with 609±620.
end-labeled oligonucleotide probe #23.
Danska, J.S., and Guidos, C.J. (1997). Essential and perilous: V(D)J
recombination and DNA damage checkpoints in lymphocyte precur-Purification of DN and DP Thymocytes
sors. Semin. Immunol. 9, 199±206.To purifiy DN thymocytes, total thymocytes from age-matched (3±4
Feeney, A.J. (1991). Junctional sequences of fetal T cell receptor bweeks) wild-type or homozygous mutant mice were pooled. The
chains have few N regions. J. Exp. Med. 174, 115±124.cells (400±800 3 106) were adjusted to 800 3 106 cells/ml in PBS,
mixed with an equal volume of 0.5 mg/ml peanut agglutinin (Vector Gellert, M. (1997). Recent advances in understanding V(D)J recombi-
Laboratories, Burlingame, CA), and rocked at room temperature nation. Adv. Immunol. 64, 39±64.
for 10 min. The agglutinated cells were gently layered atop PBS Godfrey, D.I., Kennedy, J., Mombaerts, P., Tonegawa, S., and Zlot-
containing 20% heat inactivated fetal bovine serum (FBS) and al- nik, A. (1994). Onset of TCR-b gene rearrangement and role of TCR-b
lowed to sediment for 30 min. Cells remaining in the top fraction expression during CD32CD42CD82 thymocyte differentiation. J. Im-
(unpelleted) were collected and adjusted to 20 3 106/ml in RPMI-5 munol. 152, 4783±4792.
medium (RMPI-1640 medium containing 5% FBS, 50 mM b-mercap-
Gorman, J.R., van der Stoep, N., Monroe, R., Cogne, M., Davidson,toethanol, 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 mM
L., and Alt, F.W. (1996). The Igk 39 enhancer influences the rationL-glutamine). The cells were then treated with 2.5 mg/ml of anti-CD4
of Igk versus Igl B lymphocytes. Immunity 5, 241±252.antibody (PharMingen) and anti-CD8 ascites (Cedarlane Labora-
Grawunder, U., West, R.B., and Lieber, M.R. (1998). Antigen receptortories, Ontario, CAN) at 1:1000 dilution on ice for 30 min, washed
gene rearrangement. Curr. Opin. Immunol. 10, 172±180.twice in RMPI-5 medium, and then resuspended in a 1:10 dilution of
rabbit complement in RMPI-5 (Low-Tox-M; Cedarlane Laboratories) Hempel, W.M., Leduc, I., Mathieu, N., Tripathi, R.K., and Ferrier, P.
Immunity
322
(1998a). Accessibility control of V(D)J recombination: lessons from the Igk light chain intronic enhancer/matrix attachment region im-
pairs but does not abolish VkJk rearrangement. Immunity 4,gene targeting. Adv. Immunol. 69, 309±352.
377±385.Hempel, W.M., Stanhope-Baker, P., Mathieu, N., Huang, F., Schlis-
sel, M.S., and Ferrier, P. (1998b). Enhancer control of V(D)J recombi-
nation at the TCRb locus: differential effects on DNA cleavage and
joining. Genes Dev. 12, 2305±2317.
Hesse, J.E., Lieber, M.R., Gellert, M., and Mizuuchi, K. (1987). Extra-
chromosomal DNA substrates in pre-B cells undergo inversion or
deletion at immunoglobulin V-(D)-J joining signals. Cell 49, 775±783.
Jenuwein, T., Forrester, W., and Grosschedl, R. (1993). Role of en-
hancer sequences in regulating accessibility of DNA in nuclear chro-
matin. Cold Spring Harbor Sym. Quant. Biol. 58, 97±103.
Jenuwein, T., Forrester, W.C., Fernandez-Herrero, L.A., Laible, G.,
Dull, M., and Grosschedl, R. (1997). Extension of chromatin accessi-
bility by nuclear matrix attachment regions. Nature 385, 269±272.
Lansford, R., Okada, A., Chen, J., Oltz, E.M., Blackwell, T.K., Alt,
F.W., and Rathbun, G. (1996). Mechanism and control of immuno-
globulin gene rearrangement. In Molecular Immunology, B.D. Hames
and D.M. Glover, eds. (Oxford: IRL Press). pp.1±100.
Lauzurica, P., and Krangel, M.S. (1994). Temporal and lineage-
specific control of T cell receptor a/d gene rearrangement by T cell
receptor a and d enhancers. J. Exp. Med. 179, 1913±1921.
Levelt, C.N., and Eichmann, K. (1995). Receptors and signals in early
thymic selection. Immunity 3, 667±672.
McMurry, M.T., Hernandez-Munain, C., Lauzurica, P., and Krangel,
M.S. (1997). Enhancer control of local accessibility to V(D)J recombi-
nase. Mol. Cell. Biol. 17, 4553±4561.
Okada, A., Mendelsohn, M., and Alt, F. (1994). Differential activation
of transcription versus recombination of transgenic T cell receptor
b variable region gene segments in B and T lineage cells. J. Exp.
Med. 180, 261±272.
Roth, D.B., Zhu, C., and Gellert, M. (1993). Characterization of broken
DNA molecules associated with V(D)J recombination. Proc. Natl.
Acad. Sci. USA 90, 10788±10792.
Schlissel, M., Constantinescu, A., Morrow, T., Baxter, M., and Peng,
A. (1993). Double-strand signal sequence breaks in V(D)J recombi-
nation are blunt, 59-phosphorylated, RAG-dependent and cell cycle
regulated. Genes Dev. 7, 2520±2532.
Schlissel, M.S., and Stanhope-Baker, P. (1997). Accessibility and the
developmental regulation of V(D)J recombination. Sem. Immunol. 9,
161±170.
Senoo, M., and Shinkai, Y. (1998). Regulation of Vb germline tran-
scription in RAG-deficient mice by the CD3e-mediated signals: impli-
cation of Vb transcriptional regulation in TCRb allelic exclusion. Intl.
Immunol. 10, 553±560.
Serwe, M., and Sablitzky, F. (1993). V(D)J recombination in B cells is
impaired but not blocked by targeted deletion of the immunoglobulin
heavy chain intron enhancer. EMBO J. 12, 2321±2327.
Sikes, M.L., Gomez, R.J., Song, J., and Oltz, E.M. (1998). A develop-
mental stage-specific promoter directs germline transcription of
DbJb gene segments in precursor T lymphocytes. J. Immunol. 161,
1399±1405.
Sleckman, B.P., Gorman, J.R., and Alt, F.W. (1996). Accessibility
control of antigen-receptor variable-region gene assembly: role of
cis-acting elements. Annu. Rev. Immunol. 14, 459±481.
Sleckman, B.P., Bardon, C.G., Ferrini, R., Davidson, L., and Alt, F.W.
(1997). Function of the TCRa enhancer in ab and gd T cells. Immunity
7, 505±515.
Stanhope-Baker, P., Hudson, K.M., Shaffer, A.L., Constantinescu,
A., and Schlissel, M.S. (1996). Cell type-specific chromatin structure
determines the targeting of V(D)J recombinase activity in vitro. Cell
85, 887±897.
Tonegawa, S. (1983). Somatic generation of antibody diversity. Na-
ture 302, 575±581.
Villey, I., Caillol, D., Selz, F., Ferrier, P., and de Villartay, J.-P. (1996).
Defect in rearrangement of the most 59 TCR-Ja following targeted
deletion of T early a (TEA): implications for TCR a locus accessibility.
Immunity 5, 331±342.
Xu, Y., Davidson, L., Alt, F.W., and Baltimore, D. (1996). Deletion of
